In eukaryotes, selective import of proteins into the nucleus is an essential process and subject to stringent regulatory controls. The classical nuclear import pathway employs importin-α (Impα) as an adaptor protein that recognizes the nuclear localization signal (NLS) on the protein destined to the nucleus. [1] [2] [3] The NLSs contain one cluster (monopartite NLSs) or two clusters of basic residues (bipartite NLSs), connected by a linker region of ~10-12 residues. There are two separate NLS-binding sites on Impα, termed major and minor NLS-binding sites, which can accommodate these basic clusters. Although our knowledge of nuclear import in plants is less advanced than the understanding in mammals and yeast, an increasing number of components of the plant nuclear import machinery have been identified in recent years. 4, 5 While the general characteristics of the transport machinery are conserved between plants and other organisms, some differences have been observed in terms of preferences for NLSs, [6] [7] [8] the involvement of plant-specific components 9 and the functionality of the import receptors. 10 Impα from Arabidopsis thaliana (AtImpα) can recognize three different classes of NLSs: (i) the classical monopartite (exemplified by the NLS from the simian virus 40 large T-antigen (SV40TAgNLS)) and (ii) bipartite (exemplified by NLS found in a maize Opaque-2 transcription factor) NLSs, and (iii) the NLSs related to the NLS from yeast Matα2. [11] [12] [13] [14] The Matα2-like NLSs have been reported to be functional in yeast and plants, but have been shown not to bind to Impα1 from rice. 13, 15, 16 A random peptide library screen applied to human, plant, and yeast Impα variants The distribution of different classes of nuclear localization signals (NLSs) in diverse organisms and the utilization of the minor NLS-binding site in plant nuclear import factor importin-α suggested six classes of NLS consensus sequences, 17 comprising classical monopartite (class-1 and -2) and bipartite (class-6) NLSs, and three new classes: minor sitespecific (class-3 and -4) and plant-specific (class-5) NLSs ( Table 1) . The molecular basis of the binding of NLSs from these six classes to Impα has not been fully elucidated. We recently demonstrated that class-5 plant-specific NLSs show stronger binding to rice Impα1a (rImpα1a) than to the mouse (mImpα) and yeast (yImpα) proteins, and that they bind preferentially to the minor NLS-binding site of rImpα1a. 18 Interestingly, the consensus sequence of class-5 plant-specific NLSs shows only limited similarities to the consensus sequences of the class-3 and -4 minor site-specific NLSs 17 (Table 1) .
Here, we aimed to further characterize the distinct utilization of the minor NLSbinding site in rImpα1a. We first tested the binding of a class-3 minor site-specific NLS [17] [18] [19] to rImpα1a, and show that it binds with nM affinity and preferentially to the minor NLS-binding site. Structural analyses suggest that this NLS can bind to the minor NLS-binding site of rImpα1a in an analogous conformation as to mImpα, and that similar reasons prevent it from binding to the major site of both the rice and mouse proteins. We then analyzed bioinformatically the distribution of the six classes of NLSs in different yeast, plant and mammalian proteomes. These data indicate a greater prevalence of proteins containing class-5 plant-specific NLSs as well as class-3 minor site-specific NLSs in the rice proteome, suggesting a greater usage of the minor NLS-binding site by rice Impα proteins. However, the class-5 and class-3 minor site-specific NLSs are rare in all organisms, and the classical monopartite (class-1 and -2) and bipartite NLSs account for the majority of identified NLSs.
Mutational Analysis Confirms the Binding of Class-3 Minor Site-Specific NLSs to the Minor site of rimpα1a
While we demonstrated that plant-specific NLSs bind to the minor NLS-binding site of rImpα1a with nM affinity, 18 their consensus sequence differs significantly from the class-3 and class-4 minor sitespecific NLSs characterized by Kosugi and coworkers 17 (Table 1) . Here, we investigated the binding of the peptide B6 (S 1 SHRKRKFSDAF 12 ), a representative of the class-3 minor site-specific NLSs, 17 to rImpα1aΔIBB (rImpα1a lacking the importin-β-binding domain 18 ). Our data indicate that B6 binds strongly to rImpα1aΔIBB, with an affinity of 23 nM ( Table 2 ). This affinity falls in the range between 10 nM to 1 μM proposed for functional NLSs. [20] [21] [22] B6 binding is only affected marginally when a major NLSbinding site mutant 18 (rImpα1aΔIBB D188K ) is used. By contrast, a point mutation in the minor NLS-binding site 18 (rImpα1aΔIBB E388R ) results in a 30-fold decrease in the binding affinity between B6 and rImpα1aΔIBB ( Table 2 ). These results confirm that the class-3 minor site-specific NLSs utilize the minor NLSbinding site as a preferential binding site in rImpα1a, consistent with their interaction with mouse Impα. 19
The Structural Basis of Class-3 Minor Site-Specific NLS Binding to rImpα1a
To investigate the structural basis of class-3 minor site-specific NLS interacting with rImpα1a, we superimposed the structure of rImpα1aΔIBB (from the SV40TAgNLS complex; PDB ID 4B8O) 18 onto the structure of mImpα ΔIBB in complex with the B6 peptide (PDB ID3ZIQ) 19 (the root-mean-square distance (RMSD) for 374 Cα atoms is 1.62 Å). The superposition shows that the peptide conformation in the mImpα complex is compatible with its binding to rImpα1a (Fig. 1A) . The B6 peptide-binding determinants are conserved between the mouse and rice proteins. While the basic cluster (R 4 KRK 7 ) in the B6 peptide binds in a conformation analogous to classical NLSs binding to mImpα, the C-terminal region of B6 and other class-3 minor site-specific NLSs forms a α-helical turn, 19 which is distinct from other conformations adopted by NLSs binding to Impα. 3, 18, 21, [23] [24] [25] [26] [27] Superposition of the entire B6 peptide in its minor site-binding conformation onto the major NLS-binding site shows a steric clash with the N-terminal region of rImpα1aΔIBB ( Fig. 1B) , analogous to (minor-site mutant) 0.047 ± 0.008 b 0.81 ± 0.22 a the K d values (presented in μm) were calculated using program GraphPad (Prism). each assay was performed in triplicate and the values with standard error correspond to the best fit to the one-site specific binding equation [Y = B max *X/(K d + X), B max is the maxium specific binding with the same unit as Y, K d is the equilibrium binding constant and X is ligand concentration]. b values from. 18 what is observed in mImpα. 19 The analysis supports our results on the binding to the rImpα1a ΔIBB mutant proteins with substitutions in the NLS-binding sites. The two residues in the minor NLS-binding site (Arg315 and Lys353 in mImpα) that are involved in stabilizing the formation of the α-helical turn by forming cation-π interactions 28 with the B6 residues Phe8 and Phe12 in the structure of the B6:mImpα1aΔIBB complex are conserved in rImpα1a (Arg306 and Lys345). Our structural analysis supports the conclusion that class-3 minor site-specific NLSs can bind to rImpα in a manner analogous to their binding to mImpα.
Distribution of the Six Classes of NLSs in the Proteomes from Different Organisms
NLS binding to rice Impα suggests an increased usage of the minor NLS-binding site for nuclear cargo proteins in rice and presumably plants in general. To compare the distribution of the six classes of NLS sequences in the proteomes from representative plants, yeast, and mammals, we performed bioinformatic analyses using two different approaches. The two approaches used regular expression patterns and position weight matrices (PWMs), 18, 29 respectively, to describe the six classes of NLS, based on the data by Kosugi and coworkers 17 (Fig. 2) . The two approaches were used to screen the complete proteomes of plants (monocots Oryza sativa and Sorghum vulgare; dicots A. thaliana, Vitis vinifera, Solanum tuberosum and Solanum lycopersicum), yeast (Saccharomyces cerevisiae) and mammals (Homo sapiens and Mus musculus). The alignments provided by Kosugi and coworkers were modified to include data from their amino-acid replacement analysis. 17 For bipartite NLSs, three PWMs were constructed based on different lengths of the linker region (and designated here as classes 6 10 , 6 11 , and 6 12 for 10, 11, and 12 residues in the linker region, respectively). The threshold for the PWM score of each class was determined to obtain the maximum Matthews correlation coefficient (MCC) for each organism. The MCC was calculated from the absolute counts of the protein sequences for true and false positives and negatives, to indicate the quality of the binary classification for each proteome, based on nuclear localization as annotated by the Gene Ontology (GO) in UniProt (cellular component "nucleus" or any of its sub-compartments). Tables 3 and 4 show the results based on both approaches. Like simple consensus sequences, the limitation of the regular expression approach is that it is rigid (requires an exact match). Albeit limited in terms of the dependencies they capture, PWMs can model degrees of interaction between the NLS and Impα. 30 The PWM approach is therefore preferred, however to reach its full potential, it requires rich data. 29 In this particular case, the data that the representations of the six classes of NLSs are based on 17 are limited, which should be considered when interpreting the results. Overall, the analysis shows that across all the proteomes compared, proteins containing the 'classical' monopartite (class-1 and -2) and bipartite NLSs are much more prevalent than the non-classical NLSs (class-3 and -4 minor site-specific, and class-5 plant-specific NLSs). The data confirm the observations from our previous study 18 of a greater prevalence of class-5 plant-specific NLSs in the rice proteome. The rice proteome also shows a greater proportion of class-3 minor site-specific NLSs, compared with the other plant species, suggesting a greater usage of the minor NLS-binding site in rice Impα protein. However, even in rice, the class-5 and class-3 minor sitespecific NLSs are the rarest NLS classes, with class-4 minor site-specific NLSs being significantly more common, and the classical monopartite (class-1 and -2) and bipartite NLSs accounting for the majority of identified NLSs.
Conclusions
In plants, the ancestral Impα1-like gene diversified to give rise to different Impα variants. 31, 32 Phylogenetic studies indicate that distinct numbers of Impα variants exist in different plants. 4, 18, 33 Most studies of plant Impα proteins used A. thaliana, which contains nine different variants showing different functionalities. For example, AtImpα3 is suggested as a vital player in plant innate immunity 34 and AtImpα4 is involved in the Agrobacterium-mediated transformation. 35 Likewise, although only three variants have been identified in rice (α1a, α1b, and α2), differential tissue expression and light responsiveness in different isoforms have been reported. 12, 15, 36 These observations imply that plant Impα variants, analogous to their counterparts from yeast and mammals, 37 can interact with specific binding partners from plants and invading microbes 38 with roles in distinctive cellular activities. Our group has been using structural, biochemical and Figure 1 . the α-helical turn prevents the minor site-specific nlSs binding to the major nlS-binding site in rice rimpα. the structure of the B6:mimpαΔiBB (PdB id 3ZiQ 19 ) complex was superimposed onto the structure of SV40tAgnlS:rimpα1aΔiBB complex (PdB id 4B8O 18 ). (A) the structure of B6 peptide in the minor nlS-binding site (magenta in cartoon representation) from its complex with mimpα ΔiBB (not shown) superimposed onto the structure of rimpα1aΔiBB (in green cartoon and surface representations). (B) the structure of B6 peptide in the conformation as it is found bound to the minor site (magenta in cartoon representation), but superimposed onto the peptide in the major site of mimpαΔiBB (not shown) and the structure of rimpα1aΔiBB (in green cartoon and surface representations). there is a steric clash (magnified at the righthand corner) between the B6 peptide and n-terminal region of rimpα1aΔiBB. the images in (A) and (B) are related by a 90° rotation around the x-axis.
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Plant Signaling & Behavior Volume 8 issue 10 bioinformatic approaches to characterize the specific recognition between Impα and NLSs in an effort to improve our understanding of nuclear import and the composition of the nuclear proteome.
Here, together with our previous study, 18 we show that two groups of nonclassical NLSs, class-3 minor site-specific and class-5 plant-specific NLSs, preferentially bind to the minor NLS-binding site of rImpα1a with nM affinity. The interaction between these NLS peptides and rImpα1aΔIBB falls within the functional affinity limits, 18, [20] [21] [22] which suggests these non-classical NLSs are able to act as functional NLSs. Although both classes of NLSs bind to the minor NLSbinding site preferentially, the binding conformations of the NLSs are different to each other. The class-5 plant-specific NLSs display an extended conformation in the C-terminal region of the peptide when bound to rImpα1a, 18 while class-3 minor site-specific NLSs display an α-helical turn in their C-terminal region, stabilized by cation-π interactions with basic residues from mImpα. 19 We show here that that class-3 minor site-specific NLSs are likely to use an analogous binding mode when binding to rImpα1a. Both binding conformations are distinct from the binding of the other monopartite NLSs to Impα proteins characterized structurally to date. 3, [23] [24] [25] 27 Our structural studies support an increased usage of the minor site in rice Impα, compared with mammalian and yeast proteins. We have previously shown that the proportion of proteins containing plant-specific NLSs is higher in rice compared with any yeast and mammalian proteomes analyzed, and also compared with Arabidopsis. 18 Here, we analyzed the distribution of the six classes of NLS sequences in the proteomes from plants, yeast, and mammals. Interestingly, rice proteome not only has a greater prevalence of proteins containing the class-5 NLSs, but also the class-3 NLSs, compared with the other species investigated here. However, the classical (monopartite (class-1 and -2) and bipartite (class-6) NLSs are much more prevalent in all proteomes than the non-classical NLSs (classes 3-5).
The different classes of NLSs employ different binding modes to bind to the Figure 2 . logos for the nlS sequence alignments, and the regular expression patterns of the nlS classes used in this study. Aligned sequences identified by Kosugi and coworkers, 17 including the data from their amino acid replacement analysis were used to derive the regular expression patterns. classes 6 10 , 6 11 , and 6 12 are class-6 classical bipartite nlSs, but with different linker lengths (10, 11, and 12 residues, respectively). the logos were created by Weblogo 3.3. 39 www.landesbioscience.com Plant Signaling & Behavior e25976-5 Table 3 . distribution of the six classes of nlS sequences in the proteomes from different organisms, using the regular expression approach a NLS-binding sites of Impα. Notably, the preferential binding site for the nonclassical NLSs (class-3 and class-5) is the minor NLS-binding site, whereas the class-1 NLSs bind to the major NLSbinding site. Intriguingly, the binding of plant-specific NLSs to the minor NLSbinding site coincides with the additional auto-inhibitory segment found in the minor site of rImpα1a. 18 This may be important in terms of the regulation of the nuclear import cycle, in particular the release of cargo proteins with minor site-specific NLS from Impα in the plant nucleus.
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